Oxide photocurrent measurements and capacitance-voltage shift measurements were performed with a 10-keV x-ray source on metal-oxide semiconductor (MOS) buried-oxide (BOX) capacitors to characterize the charge motion and trapping in SIMOX buried-oxide layers. Photocurrents measured in the BOX are about one-half of the expected theoretical current that would be measured if both charge carriers moved through the oxide. Results from the photocurrent measurements together with capacitance-voltage (C-V) measurements and theoretical modeling indicate (for radiation generated charges escaping initial recombination) that holes are essentially trapped in place and most electrons move through the bulk oxide.
Introduction
Silicon-on-insulator (SOI) SIMOX integrated circuit technology has many advantages due to its good isolation characteristics, including reduced dose rate and single-particle response and freedom from latchup. These properties make SO1 materials attractive for radiation-hardened microelectronics. However, in order to rake full advantage of these attractive features it is necessary tolearn moreabout the radiation-induced effects in the buried-oxide layer. If substantial differences are observed in the radiation response of buried-oxides from that of thermal oxides, different procedures may be required in order to effectively harden these materials. While several studies have addressed the total-dose radiation response of various BOX materials [l-31, the nature of the motion and trapping of radiation-generated charge in these materials remains undefined.
used the photocurrent experimental technique as a method to study the trapping characteristics of BOX samples. The same 10-keV x-ray radiation source was also used to obtain information about total dose effects in the BOX by recording pre-and postirradiation C-V curves and measuring the mid-gap voltage shifts, AV . The conduction current measurements yield information on & magnitude of the charge moving through the oxide layer; however, it is insensitive to the sign of the moving charge.
Measurements of total-dose-induced AVq provide information on the moment of the net charge trapped in the oxide. The results of both the photocurrent measurements and the C-V measurements can be used in theoretical models which provide information about the magnitude and approximate distribution of the radiation-generated charges in the oxide layer.
Therefore, we have developed two relatively easy experimental procedures and analytic tools for characterizing the radiation-generated charge motion and trapping in BOX materials. Additionally, the experiment uses dot capacitor samples which are easily fabricated and well understood. These advantages will allow for quick-turnaround measurements on BOX samples.
Theory
When a MOS device, under bias, is exposed to ionizing radiation, electron-hole pairs are created in the oxide layer. Depending on the electric field in the oxide, some fraction of the charge carriers escape initial recombination. In conventional thermal oxides, most of the electrons escaping recombination are rapidly swept out of the oxide (in picoseconds), while the holes ---escaping recombination transport slowly to the interface where The work Presented here addreSSeS the issues of the charge and some fraction are trapped. (This fraction is small in rad-hd thermal oxides.) The generation of charge in the oxide layer and -Ping propdes Of the BOX layerexperimental techniques using commonly avail-&pen&, in general, on the local electric field, Ea, and the energy of the ionizing radiation, E. The radiation-generated charge density, pR , given in (C/cm3), can be expressed as pR = W, (Ev; (Eox, E)l1R, @,toPo (E)], able equipment are used to study the response of the oxide layer when exposed to x-ray radiation. A commercially available 10-keV x-ray source was used to measure the motion of radiationgenerated charge using MOS BOX "dot" capacitors in a photoconduction current experiment described by Benedetto andBoesch 141. In that work the authors determined the total charge yield in radiation-hardened gate-oxide samples (samples known to show (1) where K,(E) is the charge generation constant (in C/cm3 rad(SiO,)), no significant bulk trapping ofradiation-generated charge c&-R&@, to) is the dose enhancement is the dose en). It is assumed initially that the SMOX BOX will absorbed in the bulk oxide (in rad(Si0,)) without correction for show considerable differences in trapping characteristics from radiation-hardened thermal gate-oxide samples. Here we have dose enhancement, and t , is the thickness of the oxide layer in centimeters [4]. The fractional yield, &(Eox, E ) is the field-U.S. Government work not protected by U.S. copyright dependent fraction of radiation-generated charge escaping recombination and is given empirically by Dozier et al [5] where S, and Se are the mean free paths for capture of the holes and electrons at deep traps. (Note that these trapping lengths, S , are very different from the mean dr$t distances, P, defined above. In the absence of trapping, S approaches infinity, while P approaches top)
(2) w e assume that K,(E),f,(Em, E) and R,(E, t,J for SIMOX buried oxides is the same as for thermal oxides since in the past no statistically significant differences in the constants and quantity have been seen over a wide range of materials [a] . so for both oxides irradiated with IO-keV x-rays, K;W = 1-38 106 c/cm3 tion and Texas Instruments err> CorpOration, and the thermally d(Si0,) and R, was determind from grown, radiation-haniened gate-oxide sample was fabricatedb~ Hughes Aircraft Corporation (HAC). TI and Ibis supplied the on SiO, [4] .
SIMOX wafers only, and electrode deposition and packaging of
Samples and Experimental Details
The s m O x samples were by Ibis data for
The radiation-generated free electron-hole pairs (the charge carriers) give rise to a conduction current in the oxide layer. If we assume no bulk trapping, or trapping only at the interfaces, then this current is proportional to the MOS capacitor area A, oxide thickness, and the rate of free charge generation, ob, and is given by whereDo (E) is the bulk-oxide dose rate, in rad(SiO,)/sec. The results reported here use a photocurrent technique based on measuring the conduction current generated in the oxide.
It is anticipated that the BOX materials will contain charge traps. The current that is actually measured by the photoconduction current experiment is a measure of charge moving through the oxide, which can be affected by trapping in the bulk oxide.
(The photocurrent is insensitive to interface trapping.) Charge traps in the BOX will, in turn, reduce the distance the charges travel in the oxide which will reduce the current measured by the experiment. Therefore, due to trapping, the actual photocurrent measured in the BOX, I , , will be some fraction of the photocurrent given in eq. (3). This fraction, Im/Im, contains information about the amount of charge moving in the BOX, and therefore information about the amount of trapping in the bulk oxide. This fraction may also be expressed as:
where P, and Pc are the mean drift distances or path lengths that the radiation-generated holes and electrons, respectively, travel through the oxide from their point of creation to an interface. In the absence of trapping in the bulk of the oxide, this path length for a carrier is just half the oxide thickness, top. If we assume, for simplicity, that the electrons and holes may each be captured by traps distributed uniformly in the oxide bulk, then it may be shown that the mean free path lengths for the carriers are given by: Room temperature photoconduction current measurements were taken using an ARACOR model 4100 10-keV x-ray machine. The samples were placed in a vacuum chamber to eliminate air ionization currents, and a bias was applied to the sample substrate. The guard rings were grounded. A lead collimator was placed above the sample to insure that only the active area of the sample was irradiated, and thereby minimize any stray currents. Upon irradiation, the x-ray-generated current from the buried oxide was measured between the top electrode and ground using a Keithley model 462 picoammeter. Irradiation and measurement time was on the order of a second, which at room temperature makes it impossible to see fast electron trapping and detrapping. A schematic of the experimental setup used to perform these measurements is shown in Figure 1 --e Figure 1 . Schematic diagram showing experimentalapparatus used to take photoconduction current measurements.
'
All measurements were taken with the x-ray machine operating at an accelerating potential of 60 kV. The total dose was kept low to avoid perturbation of the oxide electric field by space charge buildup. Samples were irradiated under oxide fields from about 0.1 MV/cm up to fields where they began to break down (fields of about 3,4, and 5 MV/cm for TI, Ibis, and HAC samples, respectively).
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The same 10-keV x-ray source was used to irradiate the samples in order to measure AV in the BOX capacitor. The midgap voltage shift was found by &ng pre-and post-irradiation C-V measurements. C-V measurements were made by applying a voltage ramp to the sample substrate and ground, and monitoring the sample capacitance with a Boonton capacitance meter connected to the top electrode and ground. Results Figure 2 shows a typical set of raw data obtained from the photocurrent measurements. Here the x-ray generated conduction current is plotted versus the oxide field for four BOX samples. As a standard of comparison for the charge motion in the BOX samples, the photocurrent in an HAC radiation-hardened gate oxide capacitor is also shown, since these samples are known to exhibit no measurable bulk trapping. As expected, in each case the conduction current increases with increasing oxide field. It is important to note that Figure 2 plots the total conduction currents which are dependent on sample area and thickness, and constants pertaining to the radiation source, including charge yield, dose rate, and dose enhancement factor.
The dose enhancement factor is a function of the thickness of the oxide and the energy of the ionizing radiation. Since all samples have been irradiated with the same source operating at the same energy in this study, the dose enhancement factor is dependent on oxide thickness only, R, (E, to) = R, (to). Based on the data from Benedetto and Boesch [4], R, was taken to be 1.2, 1.4, and 1.56 for TI, Ibis, and HAC samples, respectively. In Figure 3 we plot the measured photocurrent Z, normalized to the theoretical maximum current I, as a function of oxide field E, As expected, this quantity for the radiation-hardened gate-oxide capacitor is about unity for fields above 0.3 MV/cm. (The slightly higher values at lower fields arise from uncertainties in the measurements and in the empirical formula for4 as given in Dozier et al [5] .) This is because both charges move through the oxide and are either collected at the electrode or are trapped at the interface. Note that for each of the BOX samples IJZ, is about the same, despite the differences in processing, capacitor area, oxide thickness, and dose rate. Of even greater importance, observe for any given field the measured current in the BOX is about half of the theoretical maximum value. C-V measurements were performed on two identical TI samples, one irradiated under positive and the other under negative bias, corresponding to an oxide field of f l MV/cm. Shown in Figure 4 are the C-V curves taken before and after irradiation. Mid-gap voltage shifts were measured as AVq+ = 4.4V and AVw = 4 . 4 V for positive and negative biases,
respectively. An Si p-i-n diode was used in measuring the total dose as 2.7 krad(Si0J. Correcting for dose enhancement, the total dose absorbed in the oxide is 3.24 krad(Si0,). The fact that AVq is negative and of fairly similar magnitude for both positive and negative bias is indicative of a net positive charge contained primarily within the bulk of the oxide. The relatively slight difference in the magnitude of AVq in the two cases can be attributed to the hole distribution being skewed toward one interface or the other (depending on bias) and possibly some electron trapping. 
Analysis
As noted earlier, if the BOX were behaving like the radiation-hardened oxides and all the charge was to move through the oxide, the measured photocurrent in the BOX would be the same as that in the rad-hard samples; i.e., we would measure Zm/Zm = 1. On the other hand, if one charge is completely trapped at its point of origin while the other moves completely out of the oxide, a fraction of one-half would be obtained, Im/Zm = 0.5. As shown in Figure 3a , we actually measure Zm/Zco = 0.5 f 0.06 at all fields for all four BOX samples. While various combinations of Se and S,can yieldZm/Zm= 0.5, this result clearly suggests it is likely we may have the case of one freely moving carrier and one strongly trapped carrier.
As we have also noted, the photoconduction current measurements provide information on the magnitude but not the sign of the moving charge. In order to determine which carrier is predominately moving and which is predominately trapped, we tum to our C-V measurements which were used to measure AVw.
If we were to assume (for the radiation-generated charges escaping recombination) that one charge carrier (holes) is completely trapped in place (S, -> 0). while the other (electrons) moves completely through the oxide (Se -> -), the mid-gap voltage shift is expected to be a maximum and given by 171
AVq-= -1.9 x 1066 (E,) to: D. 
Conclusions
Photoconduction current measurements havebeen performed on SIMOX BOX materials in order to determine the nature of the charge trapping and transport characteristics of the BOX layer.
Measurements have been performed on MOS capacitors using fairly simple and straightforward experimental techniques with commercially available equipment. The photocurrent measurements together with C-V shift measurements indicate that the holes are essentially trapped in place and that most of the electrons move completely through the oxide. The experimental data have been modeled yielding results which support these conclusions. These results clearly indicate that the radiation response in the BOX is quite different from that of arad-hard gate oxide, and that new and different techniques will be necessary in order to harden these materials.
Presented here is a relatively easy experimental procedure performed on simple test structures which will allow quickturnaround measurements to be performed. This is an important consideration in itself since it will be necessary to try new and different approaches to the radiation hardening of these SIMOX BOX materials.
